to replenish the soil solution. These two components are the intensity factor (I) and quantity factor (Q) re- of the concepts of intensity, quantity, and capacity fac- trations. The objectives of this study were therefore: (i) develop experimental conditions suitable for the determi-
trations.
The objectives of this study were therefore: (i) develop experimental conditions suitable for the determi-C admium is a biotoxic heavy metal regarded as an nation of the rate and amount of exchangeable Cd in important environmental pollutant in agricultural soils using the IEK technique; (ii) investigate whether soils because of the potential adverse effects it may pose it is possible to predict isotopically exchangeable Cd for to food quality, soil health and the environment. It is long-term exchange intervals, that is, up to 18 d, from generally recognized that it is the labile fraction rather short-term exchanges intervals (Յ60 min); and (iii) dethan the total soil Cd content which is critical when termine whether IEK can provide information on the assessing Cd availability in soils. In response to this rate of exchange and amount of exchangeable Cd in a concept, there has been a great deal of research conrange Cd-contaminated soils. ducted to find suitable methods for the determination of available Cd in contaminated soils. Some of these methods include chemical extractants such as dilute MATERIALS AND METHODS salts, complexing agents and mild acids (Gray et al., Soil Samples 1999), ion-exchange resins (Hooda et al., 1999) , sequenTwenty topsoils were sampled from sites that had different tial extraction procedures (Almå s et al., 1999) , and isohistories of Cd contamination that included long-term land tope dilution techniques (Hamon et al., 1997 ; Young et application of biosolids (sewage sludge) and from P-fertilizer al., 2000). The relative advantages or limitations of many application ( Table 1 ). The soil samples were air-dried and of these techniques have recently been reviewed by passed through a stainless steel sieve to obtain the Ͻ2-mm McLaughlin et al. (2000) . fraction before analysis. Soil pH was measured in a water Cadmium availability to plants and soil microorgansuspension using a soil/solution ratio of 1:2.5 after the suspenisms, like other nutrient or contaminant ions, is a funcsions were shaken for 24 h, on a reciprocating shaker at 20ЊC tion of the concentration of the dissolved metal species (Blakemore et al., 1987) . Total C content was analyzed by in the soil solution and the ability of the soil solid phase and made up to 50 mL with deionized water before being filtered through Whatman 42 filter paper. Cadmium was meawhere C Cd is total water-soluble Cd (mg Cd L
Ϫ1
) and CdT is sured in the digest by graphite furnace atomic absorption total Cd digested in concentrated HNO 3 and H 2 O 2 expressed spectrometry (GFAAS) with deuterium arc background corin mg kg Ϫ1 soil. The factor 10 arises from the soil/solution rection and 0.1% (v/v) H 3 PO 4 acid used as a modifier. Ethylene ratio of 1:10 so that 10 ϫ C Cd is equivalent to the water-soluble diamine tetraacetic acid (EDTA) extractable Cd was deterCd quantity in the soil expressed in milligrams per kilogram mined by extracting five grams of soil with 20 mL of 0.04 (mg kg Ϫ1 ). EDTA at 20ЊC for 2 h on an end-over-end shaker. After
Given that the soil system is at a steady state before the extraction the suspension was centrifuged at 9400 ϫ g for introduction of the isotope, the decrease in the radioisotope 10 min and filtered through Whatman 42 filter paper before with time is assumed to be the result of ionic exchange between analysis of Cd by flame atomic absorption spectrophotometry radioactive ions, for example,
109
Cd added to the soil solution (FAAS) with deuterium arc background correction. Calcium and stable Cd ions on exchange sites on the soil solid phase. chloride extractable Cd was determined by extracting four Therefore the quantity E (t) (mg Cd kg
Ϫ1
) of isotopically exgrams of soil with 30 mL of 1 M CaCl 2 at 20ЊC for 24 h on changeable Cd at a time (t ) can then be calculated using Eq. an end-over-end shaker. After extraction the suspension was [3] assuming that (i) stable Cd and 109 Cd ions have the same centrifuged at 9400 ϫ g for 10 min and filtered through a fate in the soil-solution system and (ii) whatever the time (t ), Whatman 42 filter paper before analysis of Cd by FAAS or the specific activity of the 109 Cd ions in the soil solution is GFAAS depending upon the concentration of Cd in the extract.
identical to that of the stable isotopically exchangeable Cd ions in the whole system:
Isotope Exchange Kinetics
The principle of IEK has been described in a number of Experiment recent papers (e.g., Echevarria et al., 1998; Sinaj et al., 1999 Ni are added carrier Experimentally, 10 g of soil was equilibrated with 99 mL free to a soil solution system at a steady state, the radioactivity of deionized water on an end-over-end shaker for 5 d. This in solution decreases with time (t, expressed in minutes) acwas the mixing interval used to equilibrate the soil solution. cording to Eq. [1] (Fardeau, 1996) :
After this time, at t ϭ 0, 1 mL of carrier free
109
Cd was added to the suspension and mixed with a magnetic stirrer. Subsam-
ples of between 0.5 to 1.0 mL were collected from the suspensions after 1, 10, 30, and 60 min (short-term kinetics) and also where R is the total amount of radioactivity introduced into the system, r (1) and r (∞) are the radioactivity remaining in at 1, 3, 7, 11, and 18 d where long-term kinetics were performed on selected samples, the suspensions immediately filtered the solution after 1 min and an infinite exchange time respectively, and n is a parameter describing the rate of disappearthrough a 0.2-m cellulose acetate membrane filter and measured for radioactivity. The radioactivity in solution was deterance of the radioactive tracer from the solution for time longer than 1 min of exchange. The parameter n is calculated as the mined with a liquid scintillation counter (Packard 2500 TR) using Packard Ultima Gold scintillation liquid with a volume/ slope of the linear regression between log r (t )/R and log (t ) for exchange t Յ 60 min. The ratio r (∞)/R is the maximum volume ratio of 1 mL of sample to 5 mL of scintillation liquid. Cd the addition of the radioisotope, a 2-mL subsample of soil solution was collected and filtered through a 0.2-m cellulose measured in the unfiltered solutions or in solution which had been filtered through either a 0.2-or 0.1-m membrane acetate membrane and soluble Cd determined by GFAAS. The proportion of Cd 2ϩ in the filtered soil water extracts was was investigated. estimated in five samples (i.e., 71, 72, 73, 75, and 205) with the GEOCHEM speciation model (Parker et al., 1995 (Table 1) , long-term isotopic kinetics were performed. Data obtained Soil solution Cd analyses were performed on an AAnalyst were then fitted with an iterative nonlinear regression algo-800 (Perkin Elmer, Norwalk, CT) GFAAS with Zeeman backrithm (i.e., Gauss-Newton model, SYSTAT Version 10) to ground correction with magnesium nitrate (6%) used as modobtain r (1)/R, n, and r (∞)/R kinetic parameters, and E (t) values ifier. Samples were measured in batches of 10, followed by a were again calculated. We refer to these as long-term predicted quality control standard (NIST 1640). The quality range was E (t) values. The experimental data for these six samples, that is, set to 5% of the certified value of the standard. The limit of r (t )/R and C Cd were also used to calculate directly isotopically detection for Cd was 0.1 g L
Ϫ1
. exchangeable Cd using Eq. [3], up to 18 d. We refer to these data as measured E (t) values.
Statistical Analysis
Using the IEK approach, ion exchange data can be interpreted on a compartmental basis, where a compartment is defined All statistical analysis was performed in triplicate using as a homogenous unit in which all the ions have the same Minitab version 11. Long-term n, r (1)/R, and r (∞)/R paramkinetic properties and exchange at the same rate with the eters were obtained using the nonlinear Gauss-Newton funcsame ions present in other compartments (Atkins, 1973) . A tion (SYSTAT versions 10). pool can be defined as a volume that contains at least one compartment (Atkins, 1973) . Hence using IEK, a nutrient
RESULTS AND DISCUSSION
such as P or contaminant such as Cd is not divided into two pools, that is, labile and nonlabile Cd, rather the exchange is (Table 1) . Other soil properties that we propose a three-compartmental model to describe exhave been identified as likely to influence Cd availability changeable Cd in our soils. also varied between soils (Table 1) . Soil texture varied between loamy sand to silt loam, soil pH ranged between 4.9 to 7.0, total C ranged between 3.1 to 12 g kg Ϫ1 , Preliminary Study and oxides of Fe, Al, and Mn also varied between soils.
Equilibration Time
The , 2001 ). This is important if an accurate estimation they studied was unaffected by contact time. These reof the total radioactivity introduced into the soil solution sults were similar to what was observed in the present system, (R), is to be made. It was observed in the present investigation, which clearly indicates that the isotopic study that the percentage recovery of 109 Cd in deionzed exchange process for Cd takes place over a shorter interwater was only 3.5% of that added, compared with
val compared with what has been previously shown for nearly total recovery in a background of 1 mM Ca(NO 3 ) 2 other ions such as Zn or P. or in soil solution extract (Table 3) . This was likely the When the amount of measured exchangeable Cd was result of the large amount of competing Ca ions in the compared with E (t) values predicted from short-term dilute electrolyte or other cations in the soil solution, kinetics, it was found that data from short-term kinetics which prevented significant sorption of 109 Cd. It was also were only successful in predicting exchangeable Cd for noted that filtering through a 0.2-m filter membrane two of the six soils, that is, Soil 74 and 205. For the produced better recoveries than the 0.1-m filter (Taother four samples tested, E (t) values from short-term ble 3) and that there were better recoveries for the P kinetics could predict exchangeable Cd only up to 24 h fertilizer compared with the biosolids-amended soil. The of exchange. After 24 h, E (t) values were significantly lower recovery of 109 Cd for the 0.1-m membranes is overestimated (e.g., Fig. 1a ). This was in contrast to the likely due to greater amounts of colloids in solution,
results of E (t) values calculated from long-term kinetics, while a lower recovery of 109 Cd in the biosolids-amended where there were no statistically significant differences soil maybe a function of greater amounts of organic with experimentally measured data in most soils (e.g., colloidal particles. We therefore made all measurements Fig. 1b) 205, the r(∞)/R parameter was significantly greater Measurement of variance between samples produced when estimated for long-term compared with short-term average coefficients of variation (CV%) of 9, 6, and kinetics (Table 4) . One of the assumptions made using 24% for r(1)/R, n, and C Cd respectively and 9, 14, and this function is that the total soil Cd content, in this 12% for E 1 min , E 1 min-24 h , and E Ͼ24 h respectively.
instance Cd solubilized by concentrated HNO 3 and H 2 O 2 digestion, is all potentially exchangeable. This assump-
Changes in E-Values with Time
tion maybe unrealistic given that a number of studies have shown that often substantial proportions of total For the six soils where IEK was performed for both short (Յ60 min) and long-term (i.e., 18 d) exchange, soil Cd are considered nonlabile in soils Gray et al., 2003) . This idea maybe supported by results indicated that the amount of isotopically exchangeable Cd increased with time. It was observed that the observation that when EDTA-extractable Cd was substituted into Eq.
[2] in place of total soil Cd content, there was a relatively large increase in exchangeable Cd for exchange intervals between 1 min and 24 h, after for some soils, e.g., Soils 72 and 75 there was no longer a significant difference between E (t) values calculated which time, although there was still exchange of Cd taking place, the rate of increase in exchangeable of Cd using short-term kinetics and measured values, and for other soils (i.e., Soil [71, 73] Fig. 1c ) the relationship was was much smaller (Fig. 1) .
Young et al. (2000) investigated the effect of increasimproved. It is therefore apparent that estimating the 
Isotopic Exchange Kinetic Parameters
The ratio of the radioactivity remaining in solution after 1 min of exchange r(1), to the total introduced radioactivity (R), that is, r(1)/R ranged between 0.010 for Soil 205 and 0.060 for Soil 67, with an average value of 0.037 (Table 5 ). Gé rard et al. (2000) estimated r(1)/R values of between 0.003 and 0.0053 for four alkaline soils with a large range in total soil Cd concentration. However, the r(1)/R values were within the ranges calculated for Zn in some polluted and nonpolluted soils (Sinaj et al., 1999; Diesing et al., 2002) . The rate of decrease of radioactivity for exchange times greater than 1 min, that is, n values, ranged between 0.131 to 0.385 with an average value of 0.293. The values were generally within the range reported for other trace metals. For example, Gé rard et al. (2000) found n values of between 0.19 to 0.31 for Cd, while Sinaj et al. (1999) and Diesing et al. (2002) calculated n values for Zn between 0.065 to 0. 270 and Echevarria et al. (1998) calculated n values for Ni of 0.188 and 0.244.
The r(1)/R parameter has been identified as indicative of a soils fixing capacity for ions such as P, K, and SO 4 and the soil buffering capacity (Frossard and Sinaj, 1997) . The higher the r(1)/R value, the less the ion is removed from solution hence the more highly buffered the soil. In the present study there was a significant (Table 6 ). This may be related to the
term predicted E (t) values for Soil 72; (c) Comparison between
soil Mn content in these soils, which was related to the al. (1999) similarly reported a significant relationship between soil Mn content and r(1)/R in a study of Zn exchangeability in polluted and nonpolluted soils. Interr(∞)/R parameter using Eq. [2], may lead to an underestimation of the parameter. A similar observation was estingly, there were no significant relationships with other soil properties such as pH, which is often regarded made by Diesing et al. (2002) for two of the six Znpolluted soils they were comparing using the IEK techas the most important soil factor influencing solution Cd concentrations. However, this is not to say that soil nique. It was suggested that total Zn may not necessarily reflect exchangeable Zn concentrations in their soils and pH is not an important soil property within a given soil type. For example, Schwartz et al. (2003) demonstrated that another chemical extractant may be more suitable. Obviously this is something which requires further inthat there were significantly greater C Cd and E (t) values in an acidic soil sample compared with the same soil vestigation if we are to use the IEK technique to provide an accurate long-term estimation of exchangeable Cd that had a higher pH as a result of being amended with lime. in soils. When a comparison of r(1)/R and n parameters was The compartment analysis conducted revealed that there were clear differences in the distribution of Cd in made between soils amended with Cd from either bioexchange pools between those soils where Cd was desolids or P fertilizer, the results indicate clear differences rived from phosphate fertilizer or from biosolids. For between the source of contamination. The average r(1)/R example, the percentage of Cd located in the E 1 min pool, value was 0.022 for the P-fertilizer soil compared with which estimates soil solution and instantaneously ex-0.044 for the biosolids-amended soils. Similarly the n changeable Cd, was on average 21% for the P-fertilizer value was lower in the P-fertilizer soils, that is, 0.233, soils compared with 13% for the same pool for the when compared with 0.327 for the biosolids-amended biosolids-amended soils. This may in part have been a soils. The differences between the soils will be discussed result of Cd being supplied in relatively more soluble in detail in the next section.
forms via annual applications of superphosphate fertilizer compared with the biosolids-amended soils that
Compartmental Analysis of Soil
likely, as a consequence of the processing of biosolids
Exchangeable Cadmium
before land application had part of its Cd in recalcitrant forms. In the present investigation, Cd availability in soils
In contrast, the biosolids-amended soils had on averwas considered a temporal process and availability was age 42% of the total Cd located in the E 1 min-24 h pool not simply a matter of labile and nonlabile pools. Figure  compared with 25% for the P-fertilizer soil. Cadmium 1 indicated that initially there was a large increase in in this pool was labile, and has the potential to replenish isotopically exchangeable Cd up to 1 min, and then a soil solution Cd when processes such as root uptake change in the amount of exchangeable Cd between 1 or leaching remove it. The kinetic parameter r(1)/R min and 24 h and then the rate of increase in Cd exprovides information on rapid exchange processes, and changeability after 24 was much smaller. Based on these was on average twice as fast in the P-fertilizer compared observations we have proposed three compartments for with the biosolids-amended soil (i.e., 0.022 versus 0.046). exchangeable Cd in these soils:
The smaller r(1)/R values in the P-amended soil may i) E 1 min , which are Cd ions in soil solution and ex- Cd from water soluble to reversible compartments in a soil occurs readily, and that a pseudoequilibrium was attained within 0.5 h of sorption. In fact Ͻ1% of the total 109 Cd was recovered after 0.5 h of contact time in the water-soluble fraction and Ͻ10% were recovered in a 1 M NH 4 OAc extract or exchangeable Cd (Almå s et al., 1999) . These results Cd from solution to irreversible forms was a significantly slower process. be a result of the greater amounts of amorphous Fe, Al
Correlation was performed between the amounts of and Mn oxides, and clay content in these soils compared Cd associated with each exchange pool and soil properwith the biosolids-amended soils (Table 1 ). The n value ties along with the amounts of Cd extracted by different provides information on slower exchange processes, and soil extractants commonly used to estimate Cd availabilwas larger for the biosolids-amended compared with ity in soils. A comparison between the amount of Cd the P-fertilizer soils (i.e., 0.325 versus 0.233) ( Table 5) .
isotopically exchangeable up to 24 h, considered labile, This may be in part related to the significantly higher and Cd extracted using 1 M CaCl 2 is given in Fig. 2 . total C values found in the biosolids-amended soils There was a highly significant (P Ͻ 0.001) relationship (Table 1) , which have been shown in previous studies between the two estimators of labile Cd, although it to be very important with regard to Cd sorption and appears that for some samples 1 M CaCl 2 was quantitadesorption, especially in soils with large amounts of total tively extracting approximately 24% less Cd than the C (Gray et al., 1998) . amount isotopically exchangeable up to 24 h. NonetheThe E Ͼ24 h pool contains Cd not isotopically exchangeless, the results were similar to those reported by Gray able within 24 h and was considered nonlabile. Values et al. (2003) and who demonstrated averaged 57% for the P-fertilizer soil compared with that the amount of Cd extracted with 1 M CaCl 2 corre-46% for the biosolids-amended soil that are similar to sponded with the proportion of radiolabile Cd estimated results found in other investigations of Cd availability by isotope dilution in soils contaminated by either mine using isotope dilution techniques. For example, Stanspoil and sewage sludge. Young et al. (2000) suggested hope et al. (2000) found in an investigation of Cd mobilithat 1 M CaCl 2 might be a feasible alternative to using zation in soils that on average, 52% of the Cd was in isotope techniques to estimate labile Cd in soils. They nonlabile forms in a sludge amended soil. Nakhone and suggested that the chloride ion is a moderately strong Young (1993) measured Cd availability for 33 soils that complexing agent for Cd, while the Ca ion competes had been contaminated with mine spoil or sewage sludge with Cd for sorption sites in soils and neither ions (i.e., using a radioisotope technique and found for the sludge Cd 2ϩ or Cl Ϫ ) dissolve soil minerals for example, hydrous amended soils, the nonlabile fraction of Cd ranged beoxide within which Cd may form nonlabile complexes. tween 11 to 71% with an average of 52%. Gray et al. (2001) calculated that between 40 and 56% of Cd was nonlabile from soils containing Cd from phosphate fer-CONCLUSIONS tilizer addition.
Clearly, the proportion of nonlabile Cd in soils varies Cadmium availability in soils with relatively low Cd concentrations can be assessed in soils using the IEK depending upon the source of the Cd, the soils physical and chemical characteristics and the length of time the technique. The IEK technique approach could simultaneously provide information on the intensity factor Cd has been in contact with the soil. The P-fertilizer compared with the biosolids-amended soils had substan-(C Cd ) the quantity factor [E (t) ] and a parameter related to Cd sorption/desorption in soils [r(1)/R]. A compartment tially more Fe, Al, and Mn oxides, which are soil components shown to be involved in Cd fixation (Gray et al., analysis revealed that there were differences in the distribution of Cd in exchange pools between soils contami-1998). In addition, a recent study of the some of the biosolids-amended soils used in this investigation indinated with Cd from either long-term land application
